Abstract Bacterial lipopolysaccharide (LPS) is an essential cell envelope component for gram-negative bacteria. As the most variable region of LPS, O antigens serve as important virulence determinants for many bacteria and represent a promising carbohydrate source for glycoconjugate vaccines. In the Wzy-dependent O-antigen biosynthetic pathway, the integral membrane protein Wzy was shown to be the sole enzyme responsible for polymerization of O-repeat unit. Its catalytic mechanism, however, remains elusive. Herein, Wzy was successfully overexpressed in Escherichia coli with an Nterminal His 10 -tag. Blue native polyacrylamide gel electrophoresis (BN-PAGE) revealed that the Wzy protein exists in its native confirmation as a dimer. Subsequently, we chemoenzymatically synthesized the substrates of Wzy, the lipid-PPlinked repeat units. Together with an optimized O-antigen visualization method, we monitored the production of reaction intermediates at varying times. We present here our result as the first biochemical evidence that Wzy functions in a distributive manner.
Introduction
The lipopolysaccharide (LPS) on the cell surface of gramnegative bacteria is critical for viability (Chng et al. 2012; Silhavy et al. 2010) . On the outer leaflet of the outer membrane, LPS plays important roles in protecting bacteria from external environment and provides structural integrity to the bacterial cell (Silhavy et al. 2010) . LPS typically consists of three structural regions: lipid A, a hydrophobic glycolipid which anchors LPS in the bacterial membrane; core oligosaccharide, a non-repeating oligosaccharide which commonly contains sugars such as heptose and keto-deoxyoctulosonate (KDO); and the O antigen, a polysaccharide with multiple oligosaccharide repeating units that are exposed on the surface of the bacterial cell envelope (Kim et al. 2010; Raetz and Whitfield 2002) . Within any given species, variations of lipid A and core oligosaccharide are relatively limited. O antigen, on the other hand, is very diverse and provides the major basis to serotype gram-negative bacteria (Duda et al. 2011) . The structural diversity of O antigen comes from differing monosaccharide composition, the arrangement of the sugar moieties and the linkage between them Zhao et al. 2007 ). So far, more than 180 Escherichia coli O serotypes have been identified (Greenfield et al. 2012) . O antigens also provide a library of carbohydrate resources for several promising candidates of glycoconjugate vaccines (Ihssen et al. 2010; Wetter et al. 2013) , which is proven to be attractive by several successful capsular polysaccharide-based conjugate vaccines such as Prevnar 13 (Sucher et al. 2011) .
Although O antigens are remarkably diverse, their biosynthetic pathways are limited (Hug et al. 2010; Lerouge and Vanderleyden 2002; Wang et al. 2010) . Thus far, only three major pathways have been defined including the Wzydependent, ATP-binding cassette (ABC) transporter dependent, and synthetase-dependent pathways. Of them, the Wzy-dependent pathway is responsible for the synthesis of most hetero-polysaccharides (Fig. 1) . This pathway is initiated by transfer of a sugar phosphate residue to undecaprenylphosphate (Und-P) to form Und-PP-monosaccharide; from which, the Und-PP-repeat unit (Und-PP-RU) is synthesized by the sequential addition of monosaccharides by the corresponding glycosyltransferases on the cytoplasmic face of the inner membrane (IM) . The Und-PP-RU is then flipped to the periplasmic side of IM by the flippase Wzx, and polymerized to Und-PP-linked O antigen by Wzy. The strainspecific chain length distribution, or modality, is regulated by Wzz. Finally, the resultant O antigen is transferred to lipid A core by the ligase WaaL (Han et al. 2012) to form the complete LPS molecule and eventually transported to the outer membrane (OM) through Lpt protein complex (Ruiz et al. 2009; Silhavy et al. 2010) .
Due to the key role of the membrane proteins including Wzx, Wzy, Wzz, and WaaL, understanding their mechanism would be vital in decoding LPS biosynthesis and their downstream applications in vaccines development. However, the membrane proteins are among the most challenging targets in structural and mechanistic studies (Carpenter et al. 2008) despite the fact that membrane proteins make up roughly 30 % of all the proteins in currently sequenced genomes, and they present more than 60 % of drug targets underscoring their importance in nature (Arinaminpathy et al. 2009 ). The hydrophobic nature of membrane proteins usually brings technical difficulties into experimental operations because it can cause unfolding, aggregation, and proteolysis. In addition, improper insertion of membrane proteins into the cellular membrane is sometimes problematic and often is the bottlenecks in overexpression. The toxic effect of membrane proteins could also compromise the expression of membrane proteins in a large amount (Schwarz et al. 2008) . Wzy of E. coli O86 is such a membrane protein with 10 predicted transmembrane helixes (Fig. 1) . It belongs to the O-antigen polymerase superfamily (Pfam 14296) in which the enzymes vary in sequence and specificity. Although the attempts to express the enzyme have been started a decade ago, few successful cases have been reported (Daniels et al. 1998; Woodward et al. 2010) . In addition to the common problems facing all of the membrane proteins, rare codons at the Nterminus and the poor translation initiation from an undetectable ribosome-binding site (RBS) may also lead to the extremely low expression of Wzy (Daniels et al. 1998 ). Therefore, the codon optimization likely contributed partially to its heterogeneous expression (Woodward et al. 2010) . Due to the difficulty in obtaining pure protein, the mechanistic study on O-antigen polymerization has been greatly hindered, and most of our knowledge on Wzy is obtained through genetic studies (Islam et al. 2010; Kim et al. 2010) . However, the catalytic mechanism of Wzy remains unknown to a large extent.
We recently obtained small amount of pure Wzy and developed an in vitro assay to investigate the function of Wzy (Woodward et al. 2010) . Following these achievements, we, in this study, applied a recent finding (Kudla et al. 2009 ) about the effect of N-terminal sequence on protein expression to Wzy to further increase its expression. The purified Wzy can polymerize the chemically synthetic substrate in vitro. By monitoring the polymerization in varying reaction times, we here present the first biochemical evidence that Wzy functions in a distributive manner.
Materials and methods
Bacterial strains, plasmids, and materials E. coli O86:K61:B7 (ATCC 12701) was obtained from American Type Culture Collection (Rockville, MD, USA). E. coli DH5α [lacZΔM15 hsdR recA] competent cells were obtained from Gibco-BRL Life Technology. E. coli C43 (DE3) competent cells were obtained from Lucigen Co. (Middleton, WI). Nitrocellulose membrane, PCR reagents, and pBAD/Myc-His Polymerization of repeat units on the periplasmic face of the inner membrane then follows through the action of Wzy polymerase in a block transfer mechanism which is regulated by Wzz. The O-PS was transferred to lipid A core by WaaL to form the whole LPS which is then transported to the outer membrane through Lpt pathway A plasmid were obtained from Invitrogen (Carlsbad, CA). Detergents were purchased from Anatrace (Maumee, OH). Ni-NTA agarose was from Qiagen (Valencia, CA). Anti-E. coli O86 antiserum (from rabbits) was from Tianjin Biochip Corporation (Tianjin, China). HRP-linked anti-mouse IgG, antirabbit IgG, and ECL plus Western blot detection reagents were purchased from GE healthcare (Piscataway, NJ). FastDigest restriction enzymes were purchased from Fermentas (Glen Burnie, MD). All other chemicals and solvents were purchased from Sigma-Aldrich.
Clone and expression of Wzy The gene was amplified from the optimized Wzy sequence (GeneBank access no. AB863203) (Woodward et al. 2010 ). An N-terminal His 10 tag was inserted into pBAD-A vector using primers: forward primer TGACCATGGCTCACCATCATCACCACCATCAT CATCACCACATGGTGATTAGTCGTAGCAACTATC (NcoI) and reverse primer GAGGGAATTCTTAATGACAT TTTTTGATATTCAGGGCA (EcoRI). The recombinant plasmid was co-transformed with pGro7 vector into E. coli O86 (ΔwecA, ΔwaaL) for protein expression. For screening detergents, cells were cultured and the membrane fractions were isolated by ultracentrifugation (150,000g, 60 min, 4°C) followed by suspending in 5 mL of lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl). Each 100 μL of suspension was mixed with equal amounts of different detergents overnight at 4°C. The insoluble membrane materials were removed by ultracentrifugation (150,000g, 60 min, 4°C). The supernatant was collected and analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot.
The purification of His 10 -Wzy was similar to those described previously (Woodward et al. 2010 ). Briefly, 6 L of cell broth containing the recombinant Wzy plasmid were cultured and harvested by centrifugation (4,000g, 30 min, 4°C). The cells were suspended in the lysis buffer (20 mM Tris-HCl, pH 7.5, 1 mM EDTA) and disrupted by a cell disruptor. The membrane fractions were isolated by ultracentrifugation (150,000g, 60 min, 4°C) followed by re-dissolved in 5 mL of membrane-dissolving buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA) with 4.2 % (10× critical micelle concentration (CMC)) SDDS. Insoluble material was removed by ultracentrifugation (150,000g, 60 min, 4°C); after which, soluble material containing Wzy was loaded on the pre-equilibrated Ni-NTA resin (Qiagen). After washing with 100 mL of binding/washing buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 20 mM Imidazole, 0.1 % DDM, 10 % glycerol), bound proteins were eluted with 15 mL of elution buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 250 mM imidazole, 0.1 % DDM, 10 % glycerol). The protein was concentrated and dialyzed against the storage buffer (20 mM TrisHCl, pH 7.5, 150 mM NaCl, 1 mM DTT, 0.1 % DDM, 10 % glycerol).
Activity assay The activity of Wzy was analyzed as previously reported (Woodward et al. 2010) . Briefly, the 50-μL reaction was set up containing 50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 1 mM RU-PP-Und, and Wzy. The reaction was performed at room temperature. The reaction mixture was quenched by adding equal volumes of iced methanol at different reaction time. The pellet was removed by centrifugation at 16,000g for 30 min. The supernatant was dried with a SpeedVac and re-dissolved in 15-μL water. The reaction product was detected by autoradiography (Woodward et al. 2010) or Western blot.
Isolation of LPS Hot-water-phenol method was used as described (Yi et al. 2009 ). Briefly, E.coli O86:H2 wide-type strains were collected from 1.5-mL overnight culture. After being washed with water, cells were resuspended in 0.5 mL ddH 2 O followed by addition of 0.5 mL liquefied phenol. The tube was incubated in 65°C water bath for 40 min with vigorous votexing every 10 min. The mixture was then centrifuged at 16,100×g for 30 min. The top aqueous phase was transferred into a new tube and the organic phase was reextracted with 0.5 mL ddH 2 O. The combined fractions were concentrated to 100 μL. Of 100 % ethanol, 150 μL was added into the fraction and LPS was precipitated by centrifugation for 45 min. The pellet was dried in 1 mL ddH 2 O and freeze-dried.
Western blot of LPS The wet-transfer method was performed as reported previously (Renart et al. 1979; Towbin et al. 1979 ). The semi-dry transfer method was performed using iBlot system as manufacture's instruction (Invitrogen).
Results

Overexpression and purification of Wzy
According to a recent finding by Kuldla et al. (2009) , the 5′ end of a gene sequence (i.e., nucleotide (nt) −4 to nt +37 bp) can significantly affect the expression level of the target protein, since this area determines the translation initiation and stability of mRNA near the ribosomal binding site. They found that a stronger mRNA folding energy near the ribosomal binding site usually causes lower GFP fluorescence, i.e., lower protein expression. This finding also addressed why synonymous mutations that do not alter the encoded protein can influence protein expression. In this study, we analyzed seven common fusion tags using mfold web server (Mathews et al. 1999; Walter et al. 1994; Zuker 2003) . The mRNA free energy of the nt −4 (from expression vector pBAD/myc-his A) to +37 (from each fusion tag) was calculated, and the mRNA structures were predicted. Of all candidates, a decahistidine tag (10 tandem histidines, His 10 ) exhibits the weakest freefolding energy (−1.9 kcal/mol) ( Supplementary Fig. S1 ). Therefore, we subsequently inserted this his-tag into the 5′ end of the optimized Wzy sequence. The expression strain and chaperon plasmid used here are the same as those in our previous study (Woodward et al. 2010) . His 10 -tagged Wzy was expressed by induction with 0.1 %L-arabinose at room temperature. The membrane fraction containing recombinant Wzy was collected after ultracentrifugation. To optimize membrane protein solubility, we screened 22 detergents, including 5 ionic detergents, 9 non-ionic detergents, 6 zwitterionic detergents, and 2 synthetic lipids (Supplementary Table S1 ). Six potential detergent candidates were selected through the initial screening ( Supplementary Fig. S2) . A second batch of His-tagged Wzy was solubilized by each of these six detergents and purified by Ni-NTA column. SDS-PAGE and immunoblotting results showed that sodium dodecanoyl sarcosine (SDDS) had the strongest capacity in solubilizing Wzy from the membrane ( Supplementary  Fig. S3 ).
After extracted from the membrane by SDDS, Wzy was exchanged into the buffer containing n-Dodecyl β-Dmaltoside (DDM) during the purification process when large-scale purification of Wzy was performed due to the high demand on SDDS resulting from its high CMC value. As previously observed with purified Wzy with C-terminal histag (Woodward et al. 2010) (Supplementary Fig. S4 ), His 10 -Wzy also exhibits three bands on the SDS-PAGE, corresponding to monomer, dimer, and aggregate, respectively (Fig. 2) . Compared to the previously purified Wzy, His 10 -Wzy has more dimeric protein. Pierce bicinchoninic acid (BCA ) protein assay showed that the expression of His 10 -Wzy (12.5 μg/L broth) is improved by over three times than that of its C-terminal equivalent (3.75 μg/L broth). To evaluate the oligomeric state of Wzy under native condition, blue native polyacrylamide gel electrophoresis (BN-PAGE) is employed. The purified Wzy exhibited only one strong band with the apparent molecular weight about 130 kDa, suggesting the homogeneity of the purified Wzy (Fig. 2) . Given the micelle size of DDM (∼60 kDa), the native Wzy protein (∼70 kDa) is likely a dimer.
Chemo-enzymatic synthesis of lipid-PP-RU and activity determination of Wzy According to our previous study on Wzy substrate specificity (Woodward et al. 2010) , two Wzy substrates, cis-pentaprenol-PP-RU and Und-PP-RU, were synthesized (Fig. 3) ; 697.3), a saturated form of α-isoprene unit, was also synthesized as the negative control ( Supplementary Fig. S5 ).
To check if purified Wzy was active, we carried out an in vitro reaction which was monitored using a radioactivitybased assay (Woodward et al. 2010 ). Cis-pentaprenol-PP-RU was labeled with 3 H in the final enzymatic reaction catalyzed by WbnI in the presence of UDP-[ 3 H] Gal. The radio-labeled substrate was then incubated overnight at room temperature with purified Wzy. The reaction mixture was subjected to SDS-PAGE and detection by autoradiography. In the absence of Wzy, only one band was detected with high mobility, corresponding to the cis-pentaprenol-PP-RU. In the reaction containing Wzy, a significant amount of radioactivity appeared at positions with low mobility, consistent with the formation of compounds containing multiple repeating units. Thus, His 10 -Wzy is active and capable of catalyzing the polymerization of repeating units ( Supplementary  Fig. S6 ).
Wzy polymerizes the repeating unit by a distributive mechanism
Processive and distributive mechanisms are usually used to describe the catalytic behavior of polymerase. A processive enzyme binds to the polymer end at which it works, catalyzes one round of reaction, and remains bound to catalyze subsequent rounds. In contrast, a distributive enzyme will dissociate after each catalytic round and randomly bind to other substrates in the reaction thereafter (Fig. 4a) . As such, processive and distributive eznymes will produce polymers with different patterns, by which a polymerase can be defined. For instance, class I hyaluronan (HA) synthase (Streptococcus, virus or avian) (Kumari and Weigel 1997) , Aquifex aeolicus peptidoglycan glycosyltransferase (Yuan et al. 2007) , and Mycobacterium tuberculosis galactofuranosyltransferase GlfT2 (May . 2003) is distributive. The study of the mechanism of Wzy necessitates the enzyme and substrates for the in vitro reaction but the expression and purification of membrane protein and the synthesis of oligosaccharide remain challenging.
In this work, after we made the enzyme and its substrates available, we performed the polymerase reaction in vitro to characterized Wzy. We used Western blotting as the primary analytical method. In order to see clear ladder-like pattern of O-polysaccharide, we optimized the blotting condition by comparing two commonly used blotting methods. Our results suggested that wet transfer is 10 times more efficient than semi-dry transfer in polysaccharide detection ( Supplementary  Fig. S7 ). The size of the reaction intermediates, i.e., the number of RU in each O-polysaccharide chain, was evaluated by comparing the interval between the product bands and Und-PP-RU (+1 RU) with that of LPS bands. By monitoring the reaction process at different times, we observed multiple product bands at 50 (Supplementary Fig. S8a ) and 120 h (Fig. 4b) . The intermediates bands at 50 h were weak but became stronger at 120 h, especially for those at low molecular weight. It was impressive that in both reactions, more short intermediate products such as +2 units and +3 units and less long products such as +4 units, +5 units, +6 units, or more were observed. Comparing to the LPS, we isolated from E. coli (Δwzy) plus complementary His 10 -Wzy plasmid ( Fig. 4c lane 1, 2) ; and from E. coli (Δwzz) (Fig. 4c, lane 3) , which represent the bands profile from a completed reaction, we reasoned that Wzy adopted a distributive mechanism. On the basis of the principle of distributive mechanism, the reaction product should leave the active site of the polymerase after each round of reaction. Thus, low molecular weight intermediates (such as +2 units), but not high molecular weight products, would be accumulative before the next round of reactions. Therefore, we performed a shorter time reaction and observed that the +2 units can be detected within 7-20 h without any detectable higher MW products (Fig. 4d) . Taken together, our results definitely support a distributive mechanism of Wzy in O-antigen synthesis. 
Discussion
Wzy-dependent O-antigen biosynthetic pathway is widely distributed in gram-negative bacteria. A putative inner membrane (IM) protein complex including Wzx, Wzy, and Wzz is involved in this pathway (Marolda et al. 2006) . Their functions are known through genetic and biochemical analyses. However, the difficulty in heterogeneous expression of these membrane proteins represents a challenge to further characterize them. In this work, we attempted to improve overexpression and purification of Wzy under the direction of a recent finding. Successful overexpression of Wzy allowed us to study its catalytic mechanism in vitro. A recent study provided a possible structural basis that is compatible with the distributive mechanism we suggested in this study. Through mutagenesis studies, Islam et al. (2010) uncovered two larger periplasmic loops (PL3 and PL5) in PAO1 Wzy protein that were essential to Wzy catalyzed reaction. More interestingly, they noticed that those two loops have conserved amino acids sequence but dramatically different overall isoelectronic value (pI 8.59 for PL3 and pI 5.49 for PL5). In a model called "catch and release," PL3, due to its net-negative charge, was proposed to "capture" the donor molecule, while PL5, the largest loops with RX 10 G motif and net-positive charge, was suggested to function as the active site as well as the product release site. E. coli O86 Wzy is different from those from PAO1 in sequence length and number of transmembrane helix. According to the TMHMM v2.0 prediction (Krogh et al. 2001; Sonnhammer et al. 1998) , the O86 Wzy have only 10 transmembrane domain which is much less than PAO1 Wzy (14 TM domains), and there is not significant amino acid similarity between PO1 and O86 Wzy. However, we observed the similar topological components in E. coli O86 Wzy. The third and fourth periplasmic loops in O86 Wzy are the two largest ones. The isoelectronic point analysis showed that the pI value of the third loops is 9.08 (equivalent of PL3 in PAO1 Wzy) and that of the fourth loops is 4.29 (equivalent of PL5 in PAO1 Wzy) ( Supplementary Fig. S9 ). This similarity on membrane topology implies that they adopt the same catalytic mechanism.
A previous study demonstrated that the chain length of O antigen is regulated in the polymerization step (Daniels et al. 2002) . The in vitro assay further shows that Wzz and Wzy are sufficient to produce O antigen with specific chain length distribution (Woodward et al. 2010) . We further speculated on the basis of our recent results that the polymerization occurs inside Wzz complex until the mature O antigen formed (Guohui Zhao et al., unpublished results) . Thus, the distributive mechanism of Wzy would have helped us to understand the role of Wzz. Given that Wzy is distributive, the reaction intermediates leaving Wzy after each round of reaction will either re-enter Wzy for polymerization or be captured by WaaL for ligation forming LPS in the absence of Wzz oligomeric protein complex, leading to the stochastic distribution of LPS. However, the presence of Wzz complex that can form a spacious intramolecular cavity for Wzy reaction may favor the polymerization and regulate to form a long but unique length of O antigen. In the regard, the presence of Wzz protein complex may be required by the catalytic mechanism of Wzy in order to produce evolutionarily favorable specific length of O antigen.
In summary, we have improved the overexpression and purification of Wzy by fusing a N-terminal tag with weak mRNA free-folding energy. BN-PAGE suggests that it is a dimer under native conditions. Our enzymatic assay with varying reaction times provided the first direct biochemical evidence that indicates that Wzy adopts a distributive mechanism to synthesize O antigens.
